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Abstract
The Neurovisceral Integration Model (NIM) is one of the most influential psycho-
physiological models addressing the interplay between the autonomic (ANS) and 
central nervous system (CNS). In their groundbreaking conceptual work, integrat-
ing autonomic, attentional, and affective systems into a functional and structural 
network, Thayer & Lane laid the foundation for empirical research in the past two 
decades. The present paper provides a principal outline aiming to reflect and fur-
ther elaborate on the model from a dynamic developmental perspective. The central 
question at hand is, how does neurovisceral integration develop (early in life)? By 
reviewing the existing evidence, it is illustrated that key components of the model, 
both, on a physiological and psychological level, undergo extensive change early in 
the course of life. This sensitive period of human development seems key for our 
understanding of the integrated action of the ANS and CNS in emotion across the 
lifespan. Early life events may interfere with the fine-tuned interplay of this shared 
neural circuitry resulting in long-term dysfunction and psychiatric illness. In the ab-
sence of longitudinal data covering the entire co-development of the ANS and CNS 
from early childhood to adolescence into early adulthood, it is suggested, that vagal 
activity and its normative increase in adolescence is a key premise for normative 
brain development on a structural and functional level, subsequent psychological 
functioning and adaptive regulation. Implications from this dynamic perspective and 
suggestions for future research in the field of developmental psychophysiology are 
discussed.
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1 |  INTRODUCTION
Someone asked Bernard Shaw what, in his opinion, is the 
most beautiful thing in this world. “Youth,” he replied, “is the 
most beautiful thing in this world—and what a pity that it has 
to be wasted on children!”1
Adolescence is a critical period of human development. 
The growing individual is facing tremendous change, expe-
riencing challenges on a biological, societal, inter- and intra-
individual level. The transition from childhood to puberty, 
to adolescence and early adulthood represents a sensitive 
period. These transitions are characterized by a steady de-
crease in parental influence and a gradual shift towards an 
individuals’ independency. Progressive maturation in youth 
during this period exerts widespread influences on mood 
and emotion, straining cognitive capacities. The formation 
of personal relationships, self-confidence, interests, and eth-
ical values, shape personality development and have long-
term consequences on mental and physical well-being. The 
growing adolescent is confronted with legal rules and social 
norms, requiring decision making in accordance with indi-
vidual goals and perspectives. During this period, teenagers 
are most vulnerable to influences from their environment 
(i.e., peers, social media) and prone to develop mental ill-
nesses, as social and environmental demands require the es-
tablishment of strategies to cope with heightened emotional 
distress.
1.1 | The global burden of youth 
psychopathology
Psychiatric disorders are developmental disorders. About 
75% of individuals with mental illness experience their first 
symptoms before the age of 25 years (Meyer & Lee, 2019). 
Among adolescents, more than 50% experience episodes of 
mental ill-health. Accordingly, nationally representative sur-
veys estimate the life-time prevalence for any mental health 
disorder in this age group at around 45% (Merikangas et al., 
2010), with a world-wide pooled point prevalence of 13% 
(Polanczyk, Salum, Sugaya, Caye, & Rohde, 2015). These 
numbers indicate that currently about 96 million adolescents 
worldwide are affected by mental health problems. Affective 
disorders (i.e., depression and anxiety) are most common 
among adolescents and frequently comorbid (Merikangas, 
Nakamura, & Kessler, 2009). In 2014, an estimated 2.8 mil-
lion adolescents in the United States experienced at least 
one major depressive episode, representing 11.4% of the 
underage U.S. population (Hedden, 2015). Representative 
data from European countries illustrate similar rates among 
adolescents (7.1%–19.4%) with regional differences (Balazs 
et al., 2012). Psychiatric disorders present a major burden 
for the individual and our society, placing them distant first 
in the global burden of disease statistics (Vigo, Thornicroft, 
& Atun, 2016). Still, this is not reflected in our global ef-
forts, aiming to increase the understanding of clinical enti-
ties, ultimately reducing their harm and societal costs. As 
illustrated, the majority of mental disorders have their onset 
during childhood or adolescence—highlighting the impor-
tant role of child and adolescent psychiatry. Identifying 
those at risk for the development of psychopathology and 
providing early intervention are the two incremental tasks, 
we as a field are facing. Our endeavors, trying to identify 
biological markers of psychopathological development, re-
sulted in many promising approaches and techniques that, 
yet, have not fundamentally changed our clinical practice. 
I am convinced, that psychophysiological research from a 
developmental perspective can enhance our understanding 
of the developmental trajectories associated with norma-
tive affective function and translates to meaningful clinical 
applications.
1.2 | Psychophysiology and the 
psychiatric sciences
In the past century, psychophysiological research in 
adults with psychiatric disorders informed major theo-
ries of psychopathology, emphasizing the importance of 
psychophysiological processes underlying different do-
mains of psychosocial functioning (Galderisi & Mucci, 
2002). Considering that the vast majority of mental dis-
orders have their onset during adolescence, psychophysi-
ological research in youth is key for our understanding of 
developmental trajectories and the identification of early 
precursors of pathology. In the past decades, a focus on ad-
olescents enabled us to differentiate effects and phenomena 
associated with first-onset pathology from those associated 
with long-term illness and chronicity, thereby guiding our 
efforts in early prevention and intervention. However, the 
aforementioned changes related to pubertal development 
pose a considerable challenge to the psychophysiological 
research methodology. Intra- and inter-individual differ-
ences on variables of interest present with greater variance 
during adolescence, calling to disentangle findings on ab-
errant and normative development rooted in the complex 
interplay of various physiological systems and their in-
teraction under development, and natural variance. This 
theoretical perspective will review existing research on 
adolescent neurodevelopment, focusing on ANS and CNS 
function in association with psychopathology. Emphasis is 
placed on adolescence, given its importance for the timing 
 11931 February 14, Rockford Register-Republic, Cook-Coos by Ted Cook 
(King Features Syndicate), Quote Page 8, Column 1, Rockford, Illinois. 
(GenealogyBank).
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of first-onset psychopathology—in particular in affective 
domains.
The psychiatric sciences themselves, experience a shift 
in paradigms, in our effort to overcome the static barriers 
of clinical entities (diagnoses). In the past decades, find-
ings from neuroimaging and genetic studies, illustrating 
commonalities between (previously thought) distinct clin-
ical disorders, failed to align with our consensus-based 
descriptions of pathology, as established in the Diagnostic 
and Statistical Manual of Mental Disorders (DSM) or 
International Classification of Disease (ICD) systems. In 
consequence, ideas to formulate a new framework for re-
search on mental disorders were generated (Insel et al., 
2010; Kozak & Cuthbert, 2016). It was evident, that psy-
chopathology cannot be sufficiently described on a single 
domain of functioning or level of observation (i.e., that 
psychiatric disorders are solely related to mechanisms of 
brain function). Although neuroimaging studies provided 
important insights into altered brain structure and func-
tion associated with psychiatric disorders or phenomena 
linked to psychiatric symptoms, they fell short in provid-
ing meaningful implications and applications for everyday 
clinical practice, beyond issues regarding the validity and 
replicability (Eklund, Nichols, & Knutsson, 2016) or costs 
associated with the clinical use of the respective assessment 
modalities. A more holistic view, integrating different phys-
iological systems and their interactions in maintaining phys-
iological and psychological wellbeing, came alive. My work 
addresses the integral function of the autonomic (ANS) and 
central nervous system (CNS) in youth with psychopathol-
ogy, with a focus on emotion and emotion regulation in af-
fective disorders or personality disorders characterized by 
affective instability.
Key to my understanding of psychiatric disorders 
from a psychophysiological perspective was (and is) the 
Neurovisceral Integration Model (NIM, Thayer & Lane, 
2000, 2009) in context of the Research Domain Criteria 
(RDoC, (Kozak & Cuthbert, 2016). Let's assume psychiat-
ric disorders—affective disorders in particular - represent 
the pathological endpoint on a continuum describing an 
individuals’ capacity to regulate stress and states of height-
ened emotional distress. As conceptualized within the 
NIM, the capacity to regulate stress and emotions is closely 
linked to physiological systems regulating autonomic 
arousal and organ function. On the one hand, the experi-
ence of distinct emotional states induces defined patterns of 
physiological arousal. On the other hand, increased physi-
ological arousal limits ones’ capacity to willfully regulate 
momentary affective states. Typically, increased autonomic 
arousal is associated with greater difficulties in actively 
regulating emotions. From a simplified perspective (also 
see Berntson, Norman, Hawkley, & Cacioppo, 2008), vagal 
parasympathetic activity is required to counteract states 
of increased sympathetic activity, and therefore also criti-
cally implicated in the regulation of emotional states, char-
acterized by increased physiological arousal. The RDoC 
(Kozak & Cuthbert, 2016), aiming to provide a research 
framework of basic dimensions of functioning underlying 
the full range of human behavior from normal to abnormal, 
acknowledge this interplay and highlight the importance of 
the Arousal/Regulatory Systems and Positive/Negative 
Valence Systems as important domains underlying psycho-
pathology. But how do these domains and their interaction 
play out in the long run?
2 |  FURTHER ELABORATION ON 
THAYER AND LANE
The functional overlap between autonomic arousal and emo-
tion regulation is based on shared neural circuits involved in 
the regulation of the ANS and emotion, as illustrated in the 
case of emotion dysregulation in depression in Figure 1. This 
interconnection has been proposed and conceptualized by the 
NIM (Thayer & Lane, 2000, 2009). A key player involved in 
the co regulation of affect and arousal, exerting CNS control 
over organ function, is the vagus nerve. In brief, the vast 
majority of vagal fibers (80%–90%) are afferent, signaling 
information from all organs of the body to the brain. These 
afferent projections terminate in the nucleus tractus solitar-
ius (NTS), with subsequent projections to limbic and corti-
cal structures involved in emotion regulation (Thayer, Åhs, 
Fredrikson, Sollers III, & Wager, 2012). These structures 
include brainstem regions that contain serotonergic (raphe 
nucleus) and noradrenergic (locus coeruleus) perikarya 
projecting to the forebrain. This “afferent vagal loop” ena-
bles the brain to receive information about the body's auto-
nomic state and potential environmental or intra-individual 
demands that require timely adjustment of organ function. 
Further, the afferent vagal loop provides a neuroanatomi-
cal pathway through which the ANS is directly linked to the 
serotonergic and noradrenergic systems involved in emo-
tion. Efferent vagal fibers innervate almost all organs of 
the body supplying motor fibers to enable parasympathetic 
control of organ function, including the heart, lungs and di-
gestive tract. This “efferent vagal loop” enables the brain 
to adjust organ function in accordance with environmental 
or intra-individual demands and provides a neuroanatomi-
cal pathway through which emotions affect organ function. 
Afferent and efferent vagal pathways provide an anatomical 
framework to understand how (a) emotional states can affect 
physiological function and how (b) physiological function 
affects emotional states and their willful regulation. To il-
lustrate two examples with practical and clinical relevance, 
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vagal pathways are likely implicated in the loss of appetite in 
severe worry and depression (i.e., innervation of the gastro-
intestinal tract), and underlie increased physiological arousal 
(i.e., dyspnea, tachycardia) in panic and anxiety disorders. 
The developmental neurobiology of these pathways in chil-
dren and adolescents with psychopathology, however, is not 
well understood.
A central thought of the NIM is that heart rate variability 
(HRV), a psychophysiological proxy of vagal activity, is capa-
ble to index activity in a “flexible network of neural structures 
that is dynamically organized in response to environmental 
challenges” (Thayer & Lane, 2009). It is suggested, that a 
common reciprocal inhibitory cortico-subcortical neural cir-
cuit, allows the prefrontal cortex (PFC) to exert an inhibitory 
influence on subcortical structures associated with defensive 
behavior (Thayer & Siegle, 2002). However, it remains un-
clear how these neural circuits develop and how the early 
environment may shape their functionality over the course 
of life. Extending on the NIM, I suggest that the functional 
interaction of the ANS and CNS is shaped early in the course 
of life and that adolescence, in particular, represents the most 
sensitive period of development of this circuitry, forming the 
foundation for adaptive neurovisceral regulation throughout 
the lifespan.
2.1 | Normative development of cardiac 
activity2
“The sympathetic impulses prod the heart at the earliest age 
almost as much as they do later in life. But the parasympa-
thetic impulses have only a small restraining influence on 
heart rate before adulthood.” Adolph concluding on a series 
of experiments in rats (Adolph, 1967).
To understand norm variants in the development of vagal 
activity in youth, it's critical to understand its normative de-
velopment. Generally speaking, HRV decreases with increas-
ing age in adults (O’Brien, O’Hare, & Corrall, 1986; Zhang, 
2007). Surprisingly, there are relatively few longitudinal 
studies on normative HRV development in children and ado-
lescents. We know from cross-sectional studies, that adoles-
cents typically show greater vagally-mediate HRV compared 
to adults (Antelmi et al., 2004). Studies in younger children 
 2Most of my research focusses on cardiac vagal activity, utilizing 
physiological measures of resting state cardiac activity as proxies of vagal 
activity. Therefore, resting state heart rate (HR) and its variability (HRV) 
are central in the following. Alongside measures of resting state HR and 
HRV, a line of research focusses on altered ANS reactivity in 
developmental psychopathology that is not extensively covered in this 
review.
F I G U R E  1  Shared Neural Circuits involved (a) Cardiac Regulation and (b) Emotion Dysregulation in Depression; Simplified illustration; 
Figure (b) adapted from (Kupfer, Frank, & Phillips, 2012); For further reading: (Compare, Zarbo, Shonin, Van Gordon, & Marconi, 2014)
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have shown steep increases between 4 months and 4 years of 
age (Bar-Haim, Marshall, & Fox, 2000). Across the pubertal 
age span, it has been shown, that HRV increases until age 
18 and only thereafter declines (Silvetti, Drago, & Ragonese, 
2001). Although we lack sufficient evidence from longitudi-
nal studies on HRV development early in life, evidence on the 
development of HR in early childhood has previously been 
summarized in a systematic review of observational stud-
ies, providing some important insights into ANS function 
in young age. Findings suggest that after a peak at 1 month 
of age, mean HR continuously decreases until the age of 18, 
with particular steep decreases until 2 years of age (Fleming 
et al., 2011). The pattern of normative HR development is 
illustrated in Figure 2. In the absence of data, but knowing 
that HR and vagally-mediated HRV are typically negatively 
correlated (given that HR is a product of both sympathetic 
and parasympathetic activity), and based on the cross-sec-
tional studies reviewed above we can assume that vagal ac-
tivity steadily increases during adolescence. Note, early work 
by Larson and Porges illustrated similar patterns, suggesting 
increasing vagal control over heart function in early develop-
ment in rats (Larson & Porges, 1982).
Importantly, studying the normative development of car-
diac function in youth illustrates that measures of HR and 
HRV are not directly comparable in adults and children and 
adolescents. From a methodological perspective—and with-
out going too much into detail—others have previously sug-
gested that adjustments to the frequency windows used for 
HRV analysis must be made accordingly for children and 
adolescents of younger age (Shader et al., 2018). Illustrating 
that research in children and adolescents bears consider-
able challenges to our research methodology. Importantly, 
there are considerable sex differences in these trajectories. 
Whereas in adults we were able to show that women have 
greater HRV and HR (Koenig & Thayer, 2016), HRV is de-
creased and HR increased in girls compared to boys (Koenig, 
Rash, Campbell, Thayer, & Kaess, 2017). Importantly, there 
is evidence that these sex-related differences in ANS func-
tion emerge during adolescence (de Zambotti et al., 2017). 
Figure 3a provides an overview of the assumed developmen-
tal trajectories of HR and HRV across the lifespan. To briefly 
summarize, studying the normative development of HR and 
HRV illustrates that vagal influence over cardiac activity in-
creases in normative development early in the course of life.
2.2 | Emotion regulation in youth and risk 
for psychopathology
Whereas infants rely on the interaction with their caregivers 
to regulate emotions, adolescents progressively internalize 
these abilities to independently regulate emotions (for detailed 
reviews: e.g. Bariola, Gullone, & Hughes, 2011; Diamond & 
Aspinwall, 2003; Zeman, Cassano, Perry-Parrish, & Stegall, 
2006). Learning how to regulate one's own emotions is an 
essential component of adolescent development. The steadily 
increasing capacity to self-regulate emotions has been nicely 
summarized by Thompson:” […] whereas the newborn infant 
may cry uncontrollably when distressed, the toddler is capa-
ble of seeking assistance, the preschooler can reflect upon 
and talk about her feelings, the school-age child can re-direct 
attention and use other deliberate strategies to reduce distress 
(and can control its expression to others), and the adolescent 
has sufficient self-understanding to evoke more personal, idi-
osyncratic self-regulatory strategies.” (Thompson, 1991, p. 
270). The quote highlights that emotion regulation is related 
to a variety of intra- and inter-individual psychological pro-
cesses, which are not reviewed here in detail. But are these 
processes related? Whereas the link between HRV and emo-
tion regulation has been well established in adults (Appelhans 
& Luecken, 2006; Williams et al., 2015), what do we know 
about their relationship early in the course of life?
Focusing on the association between cardiac activity and 
emotion, early pioneering work by Fox and colleagues has 
shown that infants (5 months of age) with greater HRV were 
more reactive toward stimuli of negative and positive va-
lence. Similarly, infants (14 months of age) with greater HRV 
were more sociable and approachful (Fox, 1989). Following 
this line of research, Stifter et al. were able to show, that 
children who maintained low cardiac vagal activity from 5 
to 18 months of age, were rated as more fearful (Stifter & 
Jain, 1996). Overall supporting the idea, that infants with 
F I G U R E  2  Normative Changes in Mean Heart Rate in Healthy 
Children and Adolescents Across Development; re-use with kind 
permission by Dr. Susannah Fleming. Originally published in (Fleming 
et al., 2011)
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lower HRV are behaviorally inhibited (Kagan, Reznick, & 
Snidman, 1987). A study in 3–6-year-old children showed 
that great HRV is associated with better attention regulation 
in response to angry emotion and higher levels of prosocial 
behavior (Clark, Skowron, Giuliano, & Fisher, 2016). It 
seems evident, that early in the course of human develop-
ment, normative increases in vagal activity are important in 
shaping our emotional development.
Of the few studies, studying the longitudinal association 
between HRV and emotion regulation in older youth, Vasilev 
et al. were able to show, that increasing HRV across early 
development (age of enrollment around 10 years) was associ-
ated with fewer difficulties in emotion regulation three years 
later (Vasilev, Crowell, Beauchaine, Mead, & Gatzke-Kopp, 
2009). Interestingly, a recent meta-analysis showed that 
stronger associations between HRV and self-regulation in 
adult samples compared to youth samples, suggesting that 
such association is only fully established in early adulthood 
(Holzman & Bridgett, 2017). As reviewed above, vagal ac-
tivity (indexed by HRV) seems to be related to explorative/
defensive behavior very early in human development and 
normative increases early in adolescence are associated with 
better emotion regulation. As suggested by the NIM and 
detailed earlier, both, the control of cardiac function and 
emotion regulation have a shared neural basis. Reviewing 
research on brain maturation in early development will help 
to ingrate these lines of research, providing a holistic view, 
linking ANS and CNS development in emotion regulation.
F I G U R E  3  Changes in Cardiac and Psychological Function Across the Lifespan; (a): assumed trajectories of heart rate (HR) and heart rate 
variability (HRV) in aging including the notion of a change in sex differences: note: one has to assume that these trajectories differ by ethnicity 
(Eyre, Fisher, Smith, Wagenmakers, & Matyka, 2013; Hill et al., 2015), not further detailed here. (b): assumed trajectories in psychological 
function with a focus on emotion, incidence time of affective disorders and (simplified) underlying neural mechanisms
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2.3 | Early brain development
The NIM places emphasize on brain regions critically in-
volved in regulating heart function (Ruiz Vargas, Sörös, 
Shoemaker, & Hachinski, 2016; Thayer et al., 2012). Key 
to the central idea of the NIM are prefrontal vagal pathways 
inhibiting activity of subcortical regions, in particular the 
amygdala. As illustrated in Figure  1, these subcortical and 
prefrontal brain regions are also critically implicated in emo-
tion regulation (for a review and summary see Beauchaine & 
Cicchetti, 2019). The following will focus on these regions of 
interest (ROI). For a detailed review of HRV and brain mor-
phology see Carnevali, Koenig, Sgoifo, & Ottaviani, 2018).
It is important to note that prefrontal and subcortical brain 
regions undergo extensive changes in early development. In 
fact, adolescence is the period where most dramatic changes 
in brain structure and function are seen. Focusing on corti-
cal thickness, cortical thinning is observed—after an initial 
increase in cortical thickness up to 2  years of age—across 
the lifespan and most pronounced from 4 to 14 years of age, 
reflecting a decrease of about 1% in cortical thickness per 
decade (Fjell et al., 2015; Tamnes et al., 2017). The negative 
association between age and cortical thickness is particularly 
seen for frontal areas—to no surprise, normative cortical 
thinning has been linked to better neuropsychological perfor-
mance (Squeglia, Jacobus, Sorg, Jernigan, & Tapert, 2013). 
Substantial thinning seems to occur between ages 12 and 14 
and most interestingly, males show more accelerated thinning 
than females (Squeglia et al., 2013). Linking cortical thin-
ning and emotion regulation, Vijayakumar were able to show, 
that greater cortical thinning of the left dorsolateral prefron-
tal cortex (dlPFC) and the left ventrolateral prefrontal cortex 
(vlPFC) during adolescence was significantly associated with 
greater use of more adaptive emotion regulation strategies in 
females but not in males (Vijayakumar et al., 2014). We were 
able to show that associations between brain morphology and 
HRV change as a function of age in healthy subjects. Drawing 
on two independent samples of adults (Yoo et al., 2018), we 
found positive correlations between resting state vagally-me-
diated HRV and cortical thickness of PFC regions. Aiming to 
replicate the findings in adolescents, we found an inverse pat-
tern, such that in adolescents we found these ROI negatively 
associated with resting state vagally-mediated HRV (Koenig, 
Parzer, et al., 2018). Findings from these two studies are illus-
trated in Figure 4, illustrating only selected prefrontal ROI.
In the absence of longitudinal studies, we have previ-
ously speculated that greater vagal activity may have benefi-
cial effects on the natural course of cortical thinning during 
adolescence (Koenig, Parzer, et al., 2018). While other ex-
planations are possible (i.e., brain maturation driving vagal 
activity; third independent factor), this idea will be detailed 
in the following.
3 |  A DYNAMICAL MODEL OF 
NEUROVISCERAL INTEGRATION
It is suggested, that connections between the PFC and 
subcortical regions (i.e., limbic structures) are fine tuned 
during adolescence and that these processes underlie char-
acteristic instabilities of affect and behavior in adolescents. 
Functional magnetic resonance imaging (fMRI) studies sup-
port these notions, illustrating that children of younger age 
recruit larger and more diffuse regions of the PFC and that 
these patterns become more refined with increasing age. In 
accordance with the model of adolescent brain maturation 
F I G U R E  4  Changes in the Association between Heart Rate Variability and Cortical Thickness by Regions of Interest in the Prefrontal 
Cortex; illustrated is a gradual shift in the association from adolescence (negative) to adulthood (positive); illustrations done using cerebroViz 
in R (Bahl, Koomar, & Michaelson, 2017); Note data on cortical thickness based on Desikan-Killiany atlas; translation of regions as followed: 
dorsolateral prefrontal cortex (DFC): rostral middle frontal gyrus; orbital frontal cortex (OFC): lateral orbitofrontal cortex; ventrolateral prefrontal 
cortex (VFC): pars orbitalis; color bar: indicates the strength and direction of correlation (Pearson correlation coefficient); (a): data from (Koenig, 
Parzer, et al., 2018); (b and c) data from (Yoo et al., 2018)
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by Casey et al., the “immature ventral [PFC] may not pro-
vide sufficient top down control of robustly activated […] 
affect processing regions [i.e., the amygdala],” leading to 
poorer decision making in emotional context and greater 
risk- taking behavior (Casey, Jones, & Hare, 2008). The 
model has been confirmed by longitudinal fMRI studies 
across adolescence and a multitude of studies have linked 
affective development during adolescence to these specific 
trajectories in brain development (Ahmed, Bittencourt-
Hewitt, & Sebastian, 2015). I propose that ANS develop-
ment, in particular the normative increase in vagal activity 
in the transition from adolescence to emerging adulthood, 
is critical for this pattern of PFC maturation, and associ-
ated psychological processes—in particular emotion regula-
tion—thereby promoting affective resilience. I suggest that 
although youth typically represent increased risk-taking be-
havior and emotional instability, due to a normative delay in 
PFC maturation, only those with insufficient ‘vagal support’ 
continue to develop severe psychopathology (termed ‘vagal 
insufficiency’). Adolescents with sufficient ‘vagal support’ 
in the transition to early adulthood will exhibit continued 
PFC maturation and subsequent affective resilience (i.e., ter-
mination of risk-taking behavior, mental well-being). This 
principle idea is illustrated in Figure 5.
The concept assumes causality, such that vagal activity 
influences CNS development. Research on CNS develop-
ment in children with extreme cardiovascular conditions may 
help to better understand how ANS function may influence 
brain development. In a study including full-term infants with 
hypoplastic left heart syndrome or transposition of the great 
arteries, it has been shown that these children show delayed 
structural brain maturation (Licht et al., 2009). In a review of 
CNS outcomes in children with complex congenital heart dis-
ease, Wernovsky et al. address different mechanisms under-
lying CNS abnormalities in these patients. Alongside shared 
genetic mechanisms (that might also account for norm vari-
ants in CNS-ANS co-development in association with HRV 
(Bourdon et al., 2018; Golosheykin, Grant, Novak, Heath, & 
Anokhin, 2017; Nolte et al., 2017); hypoxemia, hypotension, 
hypo- or hyperglycemia, hyperventilation, and hyperther-
mia are discussed to result in long term CNS abnormalities 
(Wernovsky, Shillingford, & Gaynor, 2005). A similar mech-
anism may explain the association between vagal activity and 
brain development on a continuum in health and disease.
Following this thought, a potent physiological mecha-
nism, potentially mediating the association between HRV 
and brain development is blood pressure. Hypertension is as-
sociated with reduced HRV and it has been shown that lower 
HRV predicts a greater risk of incident hypertension over 
9 years (Schroeder et al., 2003). On a very interesting side 
note, arterial pressure is inversely related to HRV in rodent 
homologs of adolescence but not pre-adolescence (Tanaka 
et al., 2000). A study in rats with stress-induced arterial hy-
pertension showed that hypertension was associated with an 
attenuation of the excitatory and energetic activity in the PFC 
(Seryapina, Shevelev, Moshkin, Markel, & Akulov, 2017). 
F I G U R E  5  A Developmental Model of Central and Autonomic Nervous System Co-Regulation during Adolescence; illustration of prefrontal 
cortex and limbic maturation adapted from Casey et al., 2008; adolescence (shaded region) is considered a normative period of increased emotional 
instability and reactivity based on the asynchronous maturation of prefrontal and limbic brain areas. Factors explaining inter-individual variance in 
these trajectories, predicting long-term psychopathology and clinical outcome are not well understood. The model suggests that vagal activity may 
be one factor contributing to differences in the maturation of prefrontal brain areas, necessary for the top-down inhibitory control of limbic regions
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In these hypertensive rats, an increase in energetic activity 
and prevalence of excitatory (glutamate and glutamine) over 
inhibitory neurotransmitters was noticed (gamma-aminobu-
tyric acid (GABA) and glycine). Administration of GABA in 
rats results in greater HRV (Neckel et al., 2012). The associa-
tion between vagal activity, GABA (in particular frontal lobe 
GABA maturation during adolescence (Silveri et al., 2013)) 
and psychopathology in development certainly deserves fur-
ther exploration in the context of neurovisceral integration 
(Thayer & Friedman, 2002).
In human studies, longitudinal associations between 
blood pressure and brain morphology have been described, 
such that mean blood pressure has been linked to greater re-
gional brain volume in men a lower regional brain volume 
in females (Cherbuin et al., 2015). A longitudinal study 
found greater increases in systolic blood pressure between 
36 and 43 years of age were associated with smaller hippo-
campal volumes at 69–71 years of age (Lane et al., 2019). 
Interestingly, in children and adolescents, it has been shown 
that vagal activity and reactivity at 2 years of age, prospec-
tively predicts blood pressure profiles at age 16 (Gangel 
et al., 2017). Considering cortical thickness (as focused on 
in the preceding paragraphs), it has been shown in adults, 
that hypertensive individuals show increased rates of corti-
cal thinning (Gonzalez, Pacheco, Beason-Held, & Resnick, 
2015). These findings are in line with our findings on the 
positive association of HRV and cortical thickness in adults 
(Yoo et al., 2018). However, respective longitudinal studies 
on cortical thickness and blood pressure in adolescents are 
warranted. Primary hypertension in children has been linked 
to reduced cognitive function later in life (Cha, Patel, Hains, 
& Mahan, 2012; Lande & Kupferman, 2019), at least impli-
cating PFC alterations as a consequence of ANS dysfunction 
early in development.
3.1 | Vagal activity and youth 
psychopathology
Studying youth with affective disorders (on one extreme 
end of the continuum) may provide important insights into 
the aforementioned processes of development. One of the 
pioneers and of the first to systematically investigate HRV 
in association with psychopathology in youth was Theodore 
Beauchaine. Dr. Beauchaine was inspired by Steve Porges’ 
1994 Presidential Address to our society (published the 
year later in Psychophysiology (Porges, 1995)) and works 
in a 1994 Monograph of the Society for Research in Child 
Development (Porges, Doussard-Roosevelt, & Maiti, 
1994). As rightfully noted by Dr. Porges, “[by then] most 
research on autonomic correlates of emotion [had] focused 
on sympathetic activation” (Porges et al., 1994, page 167). 
In the years to come, the prevailing paradigm would shift, 
and nowadays it's widely received, that parasympathetic 
vagal activity I critically implicated in emotion and emo-
tion regulation.
Importantly, Beauchaine was of the first to (a) describe 
sex differences in the association between ANS function 
and psychopathology (i.e. conduct problems and aggression) 
(Beauchaine, Hong, & Marsh, 2008); (b) use multimodal 
psychophysiological measures of ANS function for differ-
ential diagnostics (i.e., discriminating conduct disorder from 
attention-deficit hyperactivity disorder) (Beauchaine, Katkin, 
Strassberg, & Snarr, 2001); and (c) using measures of ANS 
function as predictors of treatment outcome in youth with 
psychopathology (Beauchaine, Gartner, & Hagen, 2000). 
His work formulated the basis of his biosocial developmen-
tal model of conduct problems, emphasizing aberrant ANS 
function underlying deficiencies in approach motivation, 
reward insensitivity and emotion regulation (Beauchaine, 
Gatzke-Kopp, & Mead, 2007).
Regarding internalizing problems (affective disorders), 
there is nowadays good evidence that adolescents with MDD 
show reduced resting-state vagally mediated HRV (Koenig, 
Kemp, Beauchaine, Thayer, & Kaess, 2016). Effect sizes 
reported across case-control studies included in meta-anal-
yses (Hedges' g = −0.59; 95% CI [−1.05; −0.13]) even ex-
ceed those reported for adult samples (e.g. high-frequency 
HRV: Hedges' g  =  −0.21; 95% CI [−0.40; −0.24) (Kemp 
et al., 2010). These findings illustrate that reduced HRV in 
depression is not a consequence of long-term illness and/or 
medication intake as suggested by some. Importantly, results 
from two recent longitudinal studies (one being a well-con-
trolled twin study) suggest that decreases in HRV precede the 
development of depressive symptoms (Huang et al., 2018; 
Jandackova, Britton, Malik, & Steptoe, 2016)—at least in 
men. One study even suggests, that autonomic hyperarousal, 
as indexed by lower HRV and higher HR at rest, maybe spe-
cifically associated with internalizing problems, whereas 
autonomic hypoarousal, indexed by higher HRV and lower 
HR at rest, maybe specifically associated with externaliz-
ing problems in children and adolescents (Dietrich et al., 
2007). The latter findings are in line with a large-scale reg-
ister-based study in more than 1 million Swedish men, illus-
trating that greater HR during late adolescence is associated 
with increased risk for the development of anxiety disorders 
(among others) later in life (Latvala et al., 2016). Recently, 
a study in children (enrolment at age 9), was able to show 
that reduced HRV predicted greater increased externalizing 
and internalizing behaviors one year later, again, only in boys 
(Zhang, Fagan, & Gao, 2017). Taken together, echoing an 
earlier statement by Huang et al.: “[ANS dysfunction] in-
dexed [by] reduced HRV is more likely to be a risk factor for 
depression, rather than a consequence.” (Huang et al., 2018). 
Several mechanisms, underlying this longitudinal association 
are discussed.
10 of 18 |   KOENIG
An overlap in brain areas involved in controlling ANS func-
tion and emotion regulation (as discussed above) may explain 
the association between reduced HRV and depression onset 
(see Figure  1). Considering existing longitudinal research, 
as reviewed above, ANS activity seems to be quite sensitive 
in its utility as an early biomarker (i.e. changes in HRV are 
observed before first symptoms occur). Linking evidence on 
the association between HRV and inflammation (Williams 
et al., 2019) as well as inflammation and depression (Miller 
& Raison, 2016), it has further been suggested, that inflam-
matory processes are a common cause for observed changes 
in ANS function and depression onset. However, we have 
shown that decreased HRV predicts increased inflammation 
(e.g. C-reactive protein) (Jarczok, Koenig, Mauss, Fischer, 
& Thayer, 2014) not vice versa. Thus, it is unlikely that in-
creased inflammation is underlying subsequent changes in 
HRV. Finally, it has been suggested that there might be a 
shared genetic predisposition (Vaccarino et al., 2008). The 
genetic contribution to MDD in general is considered ‘mod-
erate’ with an estimate of heritability of liability around 40% 
(Fernandez-Pujals et al., 2015; Sullivan, Neale, & Kendler, 
2000). Importantly, the discussion of mechanisms underlying 
the link between depression and HRV is based on arguments 
drawn on evidence collected in adult samples. Although these 
mechanisms may account for late-onset depression in adults, 
they are insufficient to explain the association between HRV 
and depression in adolescents. Studies in adolescents, for ex-
ample, have shown, that inflammation can be considered an 
outcome of adolescent depression, rather than an initial con-
tributing cause (Byrne, O’Brien-Simpson, Mitchell, & Allen, 
2015). And while genes are clearly implicated in the risk for 
adolescent depression (Xia & Yao, 2015), environmental pro-
cesses are considered most important (Rice, 2010). Existing 
theories neglect that ANS activity itself undergoes normative 
changes across development as reviewed above and that these 
changes might be critical for a cascade of processes, finally 
resulting in psychopathology onset. Importantly, I suggest 
that altered vagal activity initiates this cascade—or at least, 
presents the first observable endpoint to index norm-variants 
of development. Following this thought, vagal activity might 
present a sufficient condition for normative brain develop-
ment or in the case of psychopathology: decreased vagal ac-
tivity may result in pathological brain development leading 
to psychopathology.
For example, changes in cortical thickness in relation to 
depression have been shown to be observable only in adults, 
not adolescents (Schmaal et al., 2017). Studying potential 
differences in the association between brain structure and 
vagal activity in adolescents with MDD and controls, we 
found that cortical thickness of the right insula explained dif-
ferences in HRV as a function of depression severity (Koenig 
et al., 2018). Importantly, healthy controls and adolescents 
with MDD did not differ in the right insula cortical thickness. 
In line with our earlier findings in healthy adolescents, we 
found that at low levels of depression severity, lower corti-
cal thickness of the right insula was associated with greater 
vagally-mediated HRV. However, at levels of increased de-
pression severity this pattern changed, such that greater cor-
tical thickness was associated with greater vagally-mediated 
HRV. Adolescents with MDD show an ‘adult-like’ pattern 
in the association between cortical thickens and vagally-me-
diated HRV. Beyond subcortical ROI, an interesting pattern 
emerged when addressing the association between cortical 
thickness in PFC areas and HRV in depressed and non-de-
pressed adolescents, as illustrated in Figure  6. Whereas 
healthy controls showed a negative association between PFC 
thickness and HRV (partially replicating our earlier findings 
(Koenig, Parzer, et al., 2018, see Figure 4 for comparison)), 
F I G U R E  6  Differences in the Association between Heart Rate Variability and Cortical Thickness of Regions of Interest in the Prefrontal 
Cortex in Depressed and Non-Depressed Adolescents; illustrations done using cerebroViz in R (Bahl et al., 2017); Note data on cortical thickness 
based on Desikan-Killiany atlas; translation of regions as followed: dorsolateral prefrontal cortex (DFC): rostral middle frontal gyrus; orbital frontal 
cortex (OFC): lateral orbitofrontal cortex; ventrolateral prefrontal cortex (VFC): pars orbitalis; color bar: indicates the strength and direction of 
correlation (Pearson correlation coefficient); data taken from (Koenig et al., 2018)
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adolescents with MDD show a positive correlation between 
vagal activity and PFC cortical thickness.
Here's the good news: these phenomena are reversible! 
In line with research in adults (Chambers & Allen, 2002; 
Jang, Hwang, Padhye, & Meininger, 2017), we have previ-
ously shown, that HRV re-increases following antidepres-
sant treatment with selective serotonin reuptake inhibitors in 
adolescents with depression (Koenig et al., 2018). Clinical 
improvement (decrease in depression severity) was associ-
ated with increased HRV and decreased HR. Increased HRV 
was associated with the increased cortical thickness of left 
lateral orbitofrontal cortex and superior frontal cortex. This 
said, altered ANS activity indexed by lower HRV and greater 
HR in adolescents with depression seems reversible. Further, 
the finding that an increase in cortical thickness of prefron-
tal ROI was associated with the treatment-related increase in 
HRV, illustrates that the association between HRV and brain 
morphology is complex. Whereas greater vagal activity may 
be beneficial for normative cortical thinning in healthy ado-
lescents, and such association is not seen (or inverse) in ado-
lescents with affective disorders, different mechanisms may 
underlie treatment-related changes. However, these data are 
preliminary and require further replication.
3.2 | Beyond brain structure
Beyond the reviewed association between HRV and brain 
structure, vagal activity is associated with brain function 
(Ruiz Vargas et al., 2016; Thayer et al., 2012). Here, empha-
sis was placed on cortical thickness (one of many measures to 
study brain morphology) to reduce the complexity and extend 
of the literature reviewed. However, some recent findings on 
brain function need to be mentioned in support of the prin-
cipal idea. Studying participants from 6 to 23 years of age 
using fMRI, Silvers et al. were able to show that better emo-
tion regulation with increasing age is supported by changes 
in activation and connectivity among prefrontal–amygdala 
circuits, critically involving the ventromedial PFC (vmPFC) 
and vlPFC (Silvers et al., 2017). In particular, recruitment 
of the vlPFC mediated the relationship between increasing 
age and diminished amygdala responses. Most interestingly, 
we were previously able to show, that subjects with greater 
HRV are better able to recruit PFC regions for the modula-
tion of amygdala activity during active emotion regulation 
(Steinfurth et al., 2018).
Previous studies have illustrated, that greater HRV is as-
sociated with stronger connectivity between the amygdala 
and the mPFC during rest across younger and older adults 
(Sakaki et al., 2016). Further, greater HRV was associated 
with stronger vlPFC-amygdala functional connectivity and 
this association was stronger in younger than older adults 
(Sakaki et al., 2016). Studies in adolescents with MDD show 
reduced resting-state functional connectivity between the 
amygdala and the dlPFC as well as the vmPFC (Connolly 
et al., 2017). Decreased connectivity of the PFC and amyg-
dala is characteristic of psychiatric disorders in adults asso-
ciated with difficulties in emotion regulation (Ramasubbu 
et al., 2014) such as depression (Gilboa et al., 2004; Kong 
et al., 2013). Treatment studies in adults suggest that PFC 
hypo-activity is reversible by efficient psychotherapeutic or 
pharmaceutical treatment in depressive patients (Fales et al., 
2009). Studies in adolescents support these notions, indicat-
ing that dysregulation of PFC-limbic circuitry contributes to 
poor emotion regulation in adolescent depression (Kerestes, 
Davey, Stephanou, Whittle, & Harrison, 2013; Perlman et al., 
2012).
In support of the assumed causality, suggesting that ANS 
development drives CNS maturation, are also animal stud-
ies illustrating that chronic stress in adolescent rats leads to 
significant remodeling of neurons in the PFC and amygdala 
associated with depressive-like behavior (Eiland, Ramroop, 
Hill, Manley, & McEwen, 2012). In the years to come, trans-
lational animal models on ANS-CNS co-development might 
also provide further insights into important processes un-
derlying neurodevelopment, such as the myelination of pre-
frontal axons (McDougall et al., 2018), and how these are 
influenced by altered vagal activity. Linking myelination 
studies in healthy human infants (Deoni et al., 2011) with 
changes in ANS activity across development might further 
inform our limited understanding of these co-occurring pro-
cesses. Interestingly, further research in rats has been shown 
that vagus nerve stimulation (VNS) alters functional connec-
tivity among different brain networks and changes the brain's 
functional organization in particular within the limbic system 
(Cao, Lu, Powley, & Liu, 2017). Recently, it has been shown 
in a sample of depressed adults, that transcutaneous VNS 
(tVNS) increased functional connectivity between the right 
amygdala and left dlPFC and that this increase was associ-
ated with the decrease in depression severity (Liu et al., 2016, 
also see Cimpianu et al., 2017). In line with recent ideas by 
Mather and Thayer how HRV affects emotion regulation 
brain network (Mather & Thayer, 2018), it is possible that 
the increase in vagal activity during adolescence promotes 
functional connectivity in brain regions involved in emotion 
regulation, e.g. by stimulating oscillatory activity.
3.3 | Antecedents of aberrant neurovisceral 
development
Findings on decreased vagally-mediated HRV in adolescents 
with psychopathology need to be discussed in the light of 
normative changes. Thus, it is plausible, that decreased HRV 
in adolescents with e.g. depression (Koenig et al., 2016) is not 
a decrease per se, but represents the absence of a normative 
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increase. In the following, I will review potential anteced-
ences of such developmental trajectory, focusing on early life 
stress. For a detailed review of ANS dysmaturation and dif-
ferent factors to influence these trajectories see (Mulkey & 
du Plessis, 2019).
One potential factor that may cause early alterations in 
ANS functioning, thereby initiating the cascade outlined 
above, is early life stress. More recent work illustrates 
that HRV is a reliable indicator of stress in young chil-
dren (5–10 years of age), such that greater peer problems, 
anger, anxiety, and sadness are associated with lower HRV 
(Michels et al., 2013). Similar to work on the hypothal-
amus-pituitary-adrenal axis (Roberts & Lopez-Duran, 
2019), it is suggested that early developmental influences 
and the caregiving environment (e.g. Calkins, Graziano, 
Berdan, Keane, & Degnan, 2008) may result in altered ANS 
functioning during adolescence (absence of normative in-
crease in vagal activity) leading to heightened sensitivity 
to stressors and increased risk for psychopathology. For ex-
ample, in adolescents, HRV has been shown to mediate the 
association between psychosocial stress and internalizing 
symptoms, such that in adolescents (13–17 years) with low 
HRV, stress and internalizing symptoms were positively 
correlated, but not in those with high HRV (McLaughlin, 
Rith-Najarian, Dirks, & Sheridan, 2015). Again, this was 
particularly the case for male subjects. Several mechanisms 
of how early (pre-pubertal) stress may lead to altered ANS 
function during adolescence can be considered, that will 
not be reviewed here in detail (e.g., wear and tear, hyperac-
tivity to hypoactivity).
Following this thought it may be suggested, that alter-
ations to the mPFC-amygdala network, frequently seen 
(Peverill, Sheridan, Busso, & McLaughlin, 2019) in chil-
dren who experienced severe forms of early life stress (i.e., 
maltreatment and abuse) and other consequences of early 
adversity on brain morphology and function (Teicher & 
Samson, 2016) are mediated by an impaired vagal increase 
in adolescence. Childhood abuse has previously been linked 
to reduced cortical thickness in the vmPFC (among other 
regions) (Gold et al., 2016). Incorporating these findings, 
it is suggested that vagal activity promotes optimal cortical 
thinning during adolescence and that impaired vagal func-
tion may result in both accelerated and delayed cortical 
thinning. Therefore, focusing on pre-pubertal life events, 
the association between vagal activity and brain develop-
ment may present itself different to the evidence reviewed 
for adolescents. Similar results have been found regarding 
the association between brain morphology and psychopa-
thology. For example, it has been shown that in children of 
younger age (<9 years) anxiety and depression are nega-
tively associated with vmPFC cortical thickness, whereas 
in adolescents and young adults (15–22 years) the associa-
tion is positive (Ducharme et al., 2014). It has been shown 
that among maltreated youths, better recruitment of PFC 
areas when downregulating amygdala activity during emo-
tion regulation is linked to a lower risk for the development 
of depressive symptoms (Rodman, Jenness, Weissman, 
Pine, & McLaughlin, 2019). In line with our findings that 
greater vagal activity is associated with better PFC recruit-
ment during explicit emotion regulation (Steinfurth et al., 
2018), vagal activity seems to present both: a marker of 
increased risk when decreased and a marker of better resil-
ience when increased.
4 |  SOME CONCLUSIONS
In an attempt to further elaborate on Thayer & Lane's NIM, 
potential developmental trajectories underlying dynamic 
CNS-ANS co-regulation have been presented. In sum, it 
has been suggested that (a) neurovisceral integration is 
shaped during sensitive periods of human development; (b) 
the normative increase in vagal activity during adolescence 
is critical for normative brain development - in particu-
lar facilitating the maturation of prefrontal brain regions 
involved in regulating emotions; (c) early life stress and 
adversity may interfere with these processes, whereby in-
creased autonomic arousal impedes PFC maturation, sub-
sequently leading to an incapacity to adequately regulate 
emotions resulting in an increased risk to develop affective 
disorders. It was further illustrated, that (d) these trajecto-
ries show sex differences, potentially linking pre- and post-
pubertal differences in physiology to an increased risk for 
affective disorders in girls. Important findings from neigh-
boring fields were not reviewed in detail (i.e., accelerated 
aging following trauma, changes in sex hormones during 
puberty), but should be integrated when further refining 
these principal ideas.
Importantly, while the outlined model might account for 
the associations between ANS activity and cortical devel-
opment in youth with affective disorders, other pathways 
need to be considered in externalizing disorders and other 
forms of psychopathology. For example, the eating disor-
ders seem to be associated with increased vagal activity 
(Peschel et al., 2016a, 2016b). Disorders such as attention 
deficit hyperactivity disorder have been associated with re-
duced cortical thickness in the PFC (Almeida Montes et al., 
2013) without evident reductions in resting HRV (Koenig, 
Rash, Kemp, et al., 2017). Considering this, vagal activity 
likely mediates optimal cortical thinning (bidirectional) 
and the associations discussed in the above are of greater 
complexity considering the full range of youth psychopa-
thology. To say it with the words from Carlos King: “If we 
look further, however, we find the exceptions to multiply, 
and we find mixed states to be the rule rather than the ex-
ception. We only propose that, in a given complex state of 
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emotion, the elements of fear and depression may be indi-
cated by the relative amount of vagus influence manifest.” 
(Kling, 19333). Solving some of these inconsistencies and 
complexities is the task ahead. Turning our attention to the 
RDoC, trying to identify psychiatric phenomena with vagal 
involvement and taking a dynamic perspective in identify-
ing sensitive periods of ANS-CNS co-development, may 
help to advance the field.
Importantly, here I focused on early development, but de-
velopment has no defined endpoint! It will be worthwhile to 
examine late-life trajectories in the sense of the theoretical 
framework outlined here. For example, age-related differ-
ences in the association between brain morphology and HRV 
(Yoo et al., 2018) as well as HRV and functional brain con-
nectivity (Kumral et al., 2019) have been shown. It will be 
worthwhile to examine how early ANS-CNS development 
relates to late-life phenomena.
Studies are needed addressing ANS-CNS co-development 
in large-scale longitudinal cohorts of children and adolescents 
to provide the empirical basis for some of the claims outlined 
in the above. In an attempt to provide a Principal Outline of 
a Dynamic Model of Neurovisceral Development, only some 
of the existing literature in the field was reviewed, connecting 
different lines of investigation. It will be up to the coming 
years and team effort to connect some of the remaining loose 
ends in understanding existing inconsistencies in our field. 
Beyond the heart, research should address the consequences 
of decreased vagal activity including the systematic investi-
gation of different organs. Preliminary research in animals 
has shown, that subdiaphragmatic vagotomy abolishes the 
antidepressive effects of pharmacological treatment with se-
lective serotonin reuptake inhibitors (Neufeld et al., 2019). It 
is research like this that questions our current understanding 
and conceptualization of psychiatric disorders. To conclude, 
here I presented the principal idea of a dynamic model of 
neurovisceral integration, acknowledging the influence of 
age and sensitive periods of development.
ACKNOWLEDGMENTS
This article is based on an address presented upon receipt of 
the Award for a Distinguished Early Career Contribution to 
Psychophysiology at the 59th annual meeting of the Society 
for Psychophysiological Research, Washington, DC, USA, in 
September 2019. I like to thank my mentors and good col-
leagues, Prof. Dr. Michael Kaess (Bern University), Prof. Dr. 
Franz Resch (Heidelberg University), and Prof. Dr. Julian F. 
Thayer (University of California, Irvine, USA). I’m thank-
ful for the friendship and great collaboration of distinguished 
colleagues in the field, in particular Prof. Dr. Kathryn Cullen 
(University of Minnesota), Prof. Dr. Cristina Ottaviani 
(University of Rome), Dr. Daniel Quintana (University of 
Oslo), Prof. Dr. Andrew H. Kemp (Swansea University), 
Prof. Dr. Lin Sørensen (University of Bergen), Dr. Marc N. 
Jarczok (Ulm University), Prof. Dr. Mara Mather (University 
of Southern California), and Prof. Dr. Ruth Lanius (University 
of Western Ontario). I’m thankful for ongoing projects and 
scientific exchange with Dr. DeWayne P. Williams (The Ohio 
State University), Dr. Julia Wendt (University of Greifswald), 
Dr. Christiane Pané-Farré (University of Greifswald), Prof. 
Dr. Kristian Kjær Petersen (Aalborg University), Dr. Philip S. 
Santangelo (Karlsruhe Institute of Technology), and Dr. Vera 
K. Jandackova (University of Ostrava). I’m most thankful 
for ongoing technical and statistical support by Peter Parzer 
(Heidelberg University) and the many undergraduate, gradu-
ate, and doctoral students. My sincere thanks go out to all 
patients and their parents (legal guardians) participating in the 
research projects and all clinical colleagues for their support 
and assistance. I like to thank Dr. Susannah Fleming from 
the Nuffield Department of Primary Care Health Sciences, 
Oxford, for the kind permission to reuse a figure from her sys-
tematic review on the development of heart rate in children 
and adolescents. Writing a single-author paper was certainly 
an experience. In an attempt to cover the width and depth of 
our field of research, I tried to acknowledge the work by the 
many inspiring colleagues working on these important issues 
before me. However, it is hardly possible to cover all aspects 
and every single study that has been published. I apologize if 
I should have failed to provide adequate references to some of 
the giants on whose shoulders I stand.
ORCID
Julian Koenig   https://orcid.org/0000-0003-1009-9625 
REFERENCES
Adolph, E. (1967). Ranges of heart rates and their regulations at various 
ages (rat). The American Journal of Physiology, 212(3), 595–602. 
https://doi.org/10.1152/ajple gacy.1967.212.3.595
Ahmed, S. P., Bittencourt-Hewitt, A., & Sebastian, C. L. (2015). 
Neurocognitive bases of emotion regulation development in adoles-
cence. Developmental Cognitive Neuroscience, 15, 11–25. https://
doi.org/10.1016/j.dcn.2015.07.006
Almeida Montes, L. G., Prado Alcántara, H., Martínez García, R. B., 
De La Torre, L. B., Avila Acosta, D., & Duarte, M. G. (2013). 
Brain cortical thickness in ADHD: Age, sex, and clinical correla-
tions. Journal of Attention Disorders, 17(8), 641–654. https://doi.
org/10.1177/10870 54711 434351
Antelmi, I., de Paula, R. S., Shinzato, A. R., Peres, C. A., Mansur, A. J., 
& Grupi, C. J. (2004). Influence of age, gender, body mass index, 
and functional capacity on heart rate variability in a cohort of sub-
jects without heart disease. The American Journal of Cardiology, 
93(3), 381–385. https://doi.org/10.1016/j.amjca rd.2003.09.065
Appelhans, B. M., & Luecken, L. J. (2006). Heart rate variability as an index 
of regulated emotional responding. Review of General Psychology, 
10(3), 229–240. https://doi.org/10.1037/1089-2680.10.3.229
Bahl, E., Koomar, T., & Michaelson, J. J. (2017). cerebroViz: An R 
package for anatomical visualization of spatiotemporal brain data. 
 3Thanks to Deniz Kumral for pointing me to this reference on Twitter.
14 of 18 |   KOENIG
Bioinformatics (Oxford, England), 33(5), 762–763. https://doi.
org/10.1093/bioin forma tics/btw726
Balazs, J., Miklósi, M., Keresztény, Á., Apter, A., Bobes, J., Brunner, R., 
… Wasserman, D. (2012). P-259—Prevalence of adolescent depres-
sion in Europe. European Psychiatry, 27, 1. https://doi.org/10.1016/
S0924-9338(12)74426-7
Bar-Haim, Y., Marshall, P. J., & Fox, N. A. (2000). Developmental 
changes in heart period and high-frequency heart period variabil-
ity from 4 months to 4 years of age. Developmental Psychobiology, 
37(1), 44–56. https://doi.org/10.1002/1098-2302(20000 
7)37:1<44:AID-DEV6>3.0.CO;2-7
Bariola, E., Gullone, E., & Hughes, E. K. (2011). Child and adolescent 
emotion regulation: The role of parental emotion regulation and 
expression. Clinical Child and Family Psychology Review, 14(2), 
198–212. https://doi.org/10.1007/s10567-011-0092-5
Beauchaine, T. P., & Cicchetti, D. (2019). Emotion dysregulation and 
emerging psychopathology: A transdiagnostic, transdisciplinary 
perspective. Development and Psychopathology, 31, 799–804. 
https://doi.org/10.1017/S0954 57941 9000671
Beauchaine, T. P., Gartner, J., & Hagen, B. (2000). Comorbid depression 
and heart rate variability as predictors of aggressive and hyperactive 
symptom responsiveness during inpatient treatment of conduct-disor-
dered, ADHD Boys. Aggressive Behavior, 26(6), 425–441. https://doi.
org/10.1002/1098-2337(20001 1)26:6<425:AID-AB2>3.0.CO;2-I
Beauchaine, T. P., Gatzke-Kopp, L., & Mead, H. K. (2007). Polyvagal 
theory and developmental psychopathology: emotion dysregulation 
and conduct problems from preschool to adolescence. Biological 
Psychology, 74(2), 174–184. https://doi.org/10.1016/j.biops 
ycho.2005.08.008
Beauchaine, T. P., Hong, J., & Marsh, P. (2008). Sex differences in au-
tonomic correlates of conduct problems and aggression. Journal of 
the American Academy of Child and Adolescent Psychiatry, 47(7), 
788–796. https://doi.org/10.1097/CHI.0b013 e3181 72ef4b
Beauchaine, T. P., Katkin, E. S., Strassberg, Z., & Snarr, J. (2001). 
Disinhibitory psychopathology in male adolescents: Discriminating 
conduct disorder from attention-deficit/hyperactivity disorder 
through concurrent assessment of multiple autonomic states. 
Journal of Abnormal Psychology, 110(4), 610–624. https://doi.
org/10.1037//0021-843x.110.4.610
Berntson, G. G., Norman, G. J., Hawkley, L. C., & Cacioppo, J. 
T. (2008). Cardiac autonomic balance versus cardiac regula-
tory capacity. Psychophysiology, 45(4), 643–652. https://doi.
org/10.1111/j.1469-8986.2008.00652.x
Bourdon, J. L., Moore, A. A., Eastman, M., Savage, J. E., Hazlett, L., 
Vrana, S. R., … Roberson-Nay, R. (2018). Resting heart rate vari-
ability (HRV) in adolescents and young adults from a genetically-in-
formed perspective. Behavior Genetics, 48(5), 386–396. https://doi.
org/10.1007/s10519-018-9915-1
Byrne, M. L., O’Brien-Simpson, N. M., Mitchell, S. A., & Allen, N. 
B. (2015). Adolescent-onset depression: are obesity and inflam-
mation developmental mechanisms or outcomes? Child Psychiatry 
and Human Development, 46(6), 839–850. https://doi.org/10.1007/
s10578-014-0524-9
Calkins, S. D., Graziano, P. A., Berdan, L. E., Keane, S. P., & Degnan, 
K. A. (2008). Predicting cardiac vagal regulation in early child-
hood from maternal-child relationship quality during toddler-
hood. Developmental Psychobiology, 50(8), 751–766. https://doi.
org/10.1002/dev.20344
Cao, J., Lu, K.-H., Powley, T. L., & Liu, Z. (2017). Vagal nerve stimula-
tion triggers widespread responses and alters large-scale functional 
connectivity in the rat brain. PLoS ONE, 12(12), e0189518. https://
doi.org/10.1371/journ al.pone.0189518
Carnevali, L., Koenig, J., Sgoifo, A., & Ottaviani, C. (2018). 
Autonomic and brain morphological predictors of stress resilience. 
Frontiers in Neuroscience, 12, https://doi.org/10.3389/fnins.2018. 
00228
Casey, B. J., Jones, R. M., & Hare, T. A. (2008). The Adolescent brain. 
Annals of the New York Academy of Sciences, 1124, 111–126. 
https://doi.org/10.1196/annals.1440.010
Cha, S. D., Patel, H. P., Hains, D. S., & Mahan, J. D. (2012). The ef-
fects of hypertension on cognitive function in children and ado-
lescents. International Journal of Pediatrics, 2012, https://doi.
org/10.1155/2012/891094
Chambers, A. S., & Allen, J. J. B. (2002). Vagal tone as an indicator of 
treatment response in major depression. Psychophysiology, 39(6), 
861–864. https://doi.org/10.1017/S0048 57720 2010442
Cherbuin, N., Mortby, M. E., Janke, A. L., Sachdev, P. S., Abhayaratna, 
W. P., & Anstey, K. J. (2015). Blood pressure, brain structure, and 
cognition: Opposite associations in men and women. American 
Journal of Hypertension, 28(2), 225–231. https://doi.org/10.1093/
ajh/hpu120
Cimpianu, C.-L., Strube, W., Falkai, P., Palm, U., & Hasan, A. (2017). 
Vagus nerve stimulation in psychiatry: a systematic review of the 
available evidence. Journal of Neural Transmission, 124(1), 145–
158. https://doi.org/10.1007/s00702-016-1642-2
Clark, C. A. C., Skowron, E. A., Giuliano, R. J., & Fisher, P. A. 
(2016). Intersections between cardiac physiology, emotion regu-
lation and interpersonal warmth in preschoolers: Implications for 
drug abuse prevention from translational neuroscience. Drug and 
Alcohol Dependence, 163, S60–S69. https://doi.org/10.1016/j.druga 
lcdep.2016.01.033
Compare, A., Zarbo, C., Shonin, E., Van Gordon, W., & Marconi, C. 
(2014). Emotional regulation and depression: A potential mediator 
between heart and mind. Cardiovascular Psychiatry and Neurology, 
2014, 324374. https://doi.org/10.1155/2014/324374
Connolly, C. G., Ho, T. C., Blom, E. H., LeWinn, K. Z., Sacchet, M. 
D., Tymofiyeva, O., … Yang, T. T. (2017). Resting-state functional 
connectivity of the amygdala and longitudinal changes in depression 
severity in adolescent depression. Journal of Affective Disorders, 
207, 86–94. https://doi.org/10.1016/j.jad.2016.09.026
de Zambotti, M., Javitz, H., Franzen, P. L., Brumback, T., Clark, D. B., 
Colrain, I. M., & Baker, F. C. (2017). Sex- and age-dependent differ-
ences in autonomic nervous system functioning in adolescents. The 
Journal of Adolescent Health: Official Publication of the Society 
for Adolescent Medicine, 62(2), 184–190. https://doi.org/10.1016/j.
jadoh ealth.2017.09.010
Deoni, S. C., Mercure, E., Blasi, A., Gasston, D., Thomson, A., Johnson, 
M., … Murphy, D. G. (2011). Mapping infant brain myelination 
with magnetic resonance imaging. Journal of Neuroscience, 31(2), 
784–791. https://doi.org/10.1523/JNEUR OSCI.2106-10.2011
Diamond, L. M., & Aspinwall, L. G. (2003). Emotion regulation across 
the life span: An integrative perspective emphasizing self-regula-
tion, positive affect, and dyadic processes. Motivation and Emotion, 
27(2), 125–156. https://doi.org/10.1023/A:10245 21920068
Dietrich, A., Riese, H., Sondeijker, F. E., Greaves-lord, K., van ROON, 
A. M., Ormel, J., … Rosmalen, J. G. (2007). Externalizing and 
internalizing problems in relation to autonomic function: A pop-
ulation-based study in preadolescents. Journal of the American 
Academy of Child and Adolescent Psychiatry, 46(3), 378–386. 
https://doi.org/10.1097/CHI.0b013 e3180 2b91ea
   | 15 of 18KOENIG
Ducharme, S., Albaugh, M. D., Hudziak, J. J., Botteron, K. N., Nguyen, 
T.-V., Truong, C., & … Brain Development Cooperative Group. 
(2014). Anxious/depressed symptoms are linked to right ventro-
medial prefrontal cortical thickness maturation in healthy children 
and young adults. Cerebral Cortex (New York, N.Y.: 1991), 24(11), 
2941–2950. https://doi.org/10.1093/cerco r/bht151
Eiland, L., Ramroop, J., Hill, M. N., Manley, J., & McEwen, B. S. 
(2012). Chronic juvenile stress produces corticolimbic dendritic ar-
chitectural remodeling and modulates emotional behavior in male 
and female rats. Psychoneuroendocrinology, 37(1), 39–47. https://
doi.org/10.1016/j.psyne uen.2011.04.015
Eklund, A., Nichols, T. E., & Knutsson, H. (2016). Cluster failure: Why 
fMRI inferences for spatial extent have inflated false-positive rates. 
Proceedings of the National Academy of Sciences of the United 
States of America, 113(28), 7900–7905. https://doi.org/10.1073/
pnas.16024 13113
Eyre, E. L. J., Fisher, J. P., Smith, E. C., Wagenmakers, A. J. M., & 
Matyka, K. A. (2013). Ethnicity and long-term heart rate variabil-
ity in children. Archives of Disease in Childhood, 98(4), 292–298. 
https://doi.org/10.1136/archd ischi ld-2012-302266
Fales, C. L., Barch, D. M., Rundle, M. M., Mintun, M. A., Mathews, 
J., Snyder, A. Z., & Sheline, Y. I. (2009). Antidepressant treatment 
normalizes hypoactivity in dorsolateral prefrontal cortex during 
emotional interference processing in major depression. Journal of 
Affective Disorders, 112(1–3), 206–211. https://doi.org/10.1016/ 
j.jad.2008.04.027
Fernandez-Pujals, A. M., Adams, M. J., Thomson, P., McKechanie, A. 
G., Blackwood, D. H. R., Smith, B. H., … McIntosh, A. M. (2015). 
Epidemiology and heritability of major depressive disorder, strati-
fied by age of onset, sex, and illness course in generation Scotland: 
Scottish Family Health Study (GS:SFHS). PLoS ONE, 10(11), 
https://doi.org/10.1371/journ al.pone.0142197
Fjell, A. M., Grydeland, H., Krogsrud, S. K., Amlien, I., Rohani, D. A., 
Ferschmann, L., … Walhovd, K. B. (2015). Development and aging 
of cortical thickness correspond to genetic organization patterns. 
Proceedings of the National Academy of Sciences of the United 
States of America, 112(50), 15462–15467. https://doi.org/10.1073/
pnas.15088 31112
Fleming, S., Thompson, M., Stevens, R., Heneghan, C., Plüddemann, 
A., Maconochie, I., … Mant, D. (2011). Normal ranges of heart 
rate and respiratory rate in children from birth to 18 years of age: 
A systematic review of observational studies. Lancet (London, 
England), 377(9770), 1011–1018. https://doi.org/10.1016/
S0140-6736(10)62226-X
Fox, N. A. (1989). Psychophysiological correlates of emotional reactiv-
ity during the first year of life. Developmental Psychology, 25(3), 
364–372. https://doi.org/10.1037/0012-1649.25.3.364
Galderisi, S., & Mucci, A. (2002). Psychophysiology in psychiatry: New 
perspectives in the study of mental disorders. World Psychiatry, 
1(3), 166–168.
Gangel, M. J., Shanahan, L., Kolacz, J., Janssen, J. A., Brown, A., 
Calkins, S. D., … Wideman, L. (2017). Vagal regulation of cardiac 
function in early childhood and cardiovascular risk in adolescence. 
Psychosomatic Medicine, 79(6), 614–621. https://doi.org/10.1097/
PSY.00000 00000 000458
Gilboa, A., Shalev, A. Y., Laor, L., Lester, H., Louzoun, Y., Chisin, R., 
& Bonne, O. (2004). Functional connectivity of the prefrontal cor-
tex and the amygdala in posttraumatic stress disorder. Biological 
Psychiatry, 55(3), 263–272. https://doi.org/10.1016/j.biops 
ych.2003.08.004
Gold, A. L., Sheridan, M. A., Peverill, M., Busso, D. S., Lambert, H. 
K., Alves, S., … McLaughlin, K. A. (2016). Childhood abuse and 
reduced cortical thickness in brain regions involved in emotional 
processing. Journal of Child Psychology and Psychiatry, and 
Allied Disciplines, 57(10), 1154–1164. https://doi.org/10.1111/
jcpp.12630
Golosheykin, S., Grant, J. D., Novak, O. V., Heath, A. C., & Anokhin, A. 
P. (2017). Genetic influences on heart rate variability. International 
Journal of Psychophysiology: Official Journal of the International 
Organization of Psychophysiology, 115, 65–73. https://doi.
org/10.1016/j.ijpsy cho.2016.04.008
Gonzalez, C. E., Pacheco, J., Beason-Held, L. L., & Resnick, S. M. 
(2015). Longitudinal changes in cortical thinning associated with 
hypertension. Journal of Hypertension, 33(6), 1242–1248. https://
doi.org/10.1097/HJH.00000 00000 000531
Hedden, S. (2015). Behavioral Health Trends in the United States: 
Results from the 2014 National Survey on Drug Use and Health. 
HHS Publication. Retrieved from http://www.samhsa.gov/data/
sites/ defau lt/files/ NSDUH-FRR1-2014/NSDUH-FRR1-2014.htm.
Hill, L. B. K., Hu, D. D., Koenig, J., Sollers, J. J., Kapuku, G., Wang, X., 
… Thayer, J. F. (2015). Ethnic differences in resting heart rate variabil-
ity: A systematic review and meta-analysis. Psychosomatic Medicine, 
77(1), 16–25. https://doi.org/10.1097/PSY.00000 00000 000133
Holzman, J. B., & Bridgett, D. J. (2017). Heart rate variability indices as 
bio-markers of top-down self-regulatory mechanisms: A meta-an-
alytic review. Neuroscience and Biobehavioral Reviews, 74(Pt A), 
233–255. https://doi.org/10.1016/j.neubi orev.2016.12.032
Huang, M., Shah, A., Su, S., Goldberg, J., Lampert, R. J., Levantsevych, 
O. M., … Vaccarino, V. (2018). Association of depressive symp-
toms and heart rate variability in Vietnam War-Era twins: A lon-
gitudinal twin difference study. JAMA Psychiatry, 75(7), 705–712. 
https://doi.org/10.1001/jamap sychi atry.2018.0747
Insel, T., Cuthbert, B., Garvey, M., Heinssen, R., Pine, D. S., Quinn, 
K., … Wang, P. (2010). Research domain criteria (RDoC): Toward 
a new classification framework for research on mental disorders. 
American Journal of Psychiatry, 167(7), 748–751. https://doi.
org/10.1176/appi.ajp.2010.09091379
Jandackova, V. K., Britton, A., Malik, M., & Steptoe, A. (2016). Heart 
rate variability and depressive symptoms: A cross-lagged analy-
sis over a 10-year period in the Whitehall II study. Psychological 
Medicine, FirstView, 46(10), 2121–2131. https://doi.org/10.1017/
S0033 29171 600060X
Jang, A., Hwang, S.-K., Padhye, N. S., & Meininger, J. C. (2017). Effects 
of cognitive behavior therapy on heart rate variability in young fe-
males with constipation-predominant irritable bowel syndrome: A 
parallel-group trial. Journal of Neurogastroenterology and Motility, 
23(3), 435–445. https://doi.org/10.5056/jnm17017
Jarczok, M. N., Koenig, J., Mauss, D., Fischer, J. E., & Thayer, J. F. 
(2014). Lower heart rate variability predicts increased level of 
C-reactive protein 4 years later in healthy, nonsmoking adults. 
Journal of Internal Medicine, 276(6), 667–671. https://doi.
org/10.1111/joim.12295
Kagan, J., Reznick, J., & Snidman, N. (1987). The physiology and psy-
chology of behavioral inhibition in children. Child Development, 
58(6), 1459–1473.
Kemp, A. H., Quintana, D. S., Gray, M. A., Felmingham, K. L., Brown, 
K., & Gatt, J. M. (2010). Impact of depression and antidepressant 
treatment on heart rate variability: A review and meta-analysis. 
Biological Psychiatry, 67(11), 1067–1074. https://doi.org/10.1016/ 
j.biops ych.2009.12.012
16 of 18 |   KOENIG
Kerestes, R., Davey, C. G., Stephanou, K., Whittle, S., & Harrison, B. 
J. (2013). Functional brain imaging studies of youth depression: A 
systematic review. NeuroImage: Clinical, 4, 209–231. https://doi.
org/10.1016/j.nicl.2013.11.009
Kling, C. (1933). The role of the parasympathetics in emotions. 
Psychological Review, 40(4), 368–380. https://doi.org/10.1037/
h0074922
Koenig, J., Kemp, A. H., Beauchaine, T. P., Thayer, J. F., & Kaess, M. 
(2016). Depression and resting state heart rate variability in chil-
dren and adolescents—A systematic review and meta-analysis. 
Clinical Psychology Review, 46, 136–150. https://doi.org/10.1016/ 
j.cpr.2016.04.013
Koenig, J., Parzer, P., Reichl, C., Ando, A., Thayer, J. F., Brunner, R., 
& Kaess, M. (2018). Cortical thickness, resting state heart rate, 
and heart rate variability in female adolescents. Psychophysiology, 
55(5), e13043. https://doi.org/10.1111/psyp.13043
Koenig, J., Rash, J. A., Campbell, T. S., Thayer, J. F., & Kaess, M. 
(2017). A meta-analysis on sex differences in resting-state vagal ac-
tivity in children and adolescents. Frontiers in Physiology, 8, https://
doi.org/10.3389/fphys.2017.00582
Koenig, J., Rash, J. A., Kemp, A. H., Buchhorn, R., Thayer, J. F., & 
Kaess, M. (2017). Resting state vagal tone in attention deficit 
(hyperactivity) disorder: A meta-analysis. The World Journal of 
Biological Psychiatry: The Official Journal of the World Federation 
of Societies of Biological Psychiatry, 18(4), 256–267. https://doi.
org/10.3109/15622 975.2016.1174300
Koenig, J., & Thayer, J. F. (2016). Sex differences in healthy human heart 
rate variability: A meta-analysis. Neuroscience and Biobehavioral 
Reviews, 64, 288–310. https://doi.org/10.1016/j.neubi orev.2016.03.007
Koenig, J., Westlund Schreiner, M., Klimes-Dougan, B., Ubani, B., 
Mueller, B., Kaess, M., & Cullen, K. R. (2018). Brain structural 
thickness and resting state autonomic function in adolescents with 
major depression. Social Cognitive and Affective Neuroscience, 
13(7), 741–753. https://doi.org/10.1093/scan/nsy046
Koenig, J., Westlund Schreiner, M., Klimes-Dougan, B., Ubani, B., 
Mueller, B. A., Lim, K. O., … Cullen, K. R. (2018). Increases in 
orbitofrontal cortex thickness following antidepressant treatment are 
associated with changes in resting state autonomic function in ado-
lescents with major depression—Preliminary findings from a pilot 
study. Psychiatry Research. Neuroimaging, 281, 35–42. https://doi.
org/10.1016/j.pscyc hresns.2018.08.013
Kong, L., Chen, K., Tang, Y., Wu, F., Driesen, N., Womer, F., … Wang, 
F. (2013). Functional connectivity between the amygdala and pre-
frontal cortex in medication-naive individuals with major depressive 
disorder. Journal of Psychiatry and Neuroscience, 38(6), 417–422. 
https://doi.org/10.1503/jpn.120117
Kozak, M. J., & Cuthbert, B. N. (2016). The NIMH research domain crite-
ria initiative: background, issues, and pragmatics. Psychophysiology, 
53(3), 286–297. https://doi.org/10.1111/psyp.12518
Kumral, D., Schaare, H. L., Beyer, F., Reinelt, J., Uhlig, M., Liem, F., … 
Gaebler, M. (2019). The age-dependent relationship between resting 
heart rate variability and functional brain connectivity. NeuroImage, 
185, 521–533. https://doi.org/10.1016/j.neuro image.2018.10.027
Kupfer, D. J., Frank, E., & Phillips, M. L. (2012). Major depressive 
disorder: New clinical, neurobiological, and treatment perspec-
tives. The Lancet, 379(9820), 1045–1055. https://doi.org/10.1016/
S0140-6736(11)60602-8
Lande, M. B., & Kupferman, J. C. (2019). Blood pressure and cognitive 
function in children and adolescents. Hypertension, 73(3), 532–540. 
https://doi.org/10.1161/HYPER TENSI ONAHA.118.11686
Lane, C. A., Barnes, J., Nicholas, J. M., Sudre, C. H., Cash, D. M., 
Parker, T. D., … Schott, J. M. (2019). Associations between blood 
pressure across adulthood and late-life brain structure and pathol-
ogy in the neuroscience substudy of the 1946 British birth cohort 
(Insight 46): An epidemiological study. The Lancet Neurology, 
18(10), 942–952. https://doi.org/10.1016/S1474-4422(19)30228-5
Larson, S. K., & Porges, S. W. (1982). The ontogeny of heart period pat-
terning in the rat. Developmental Psychobiology, 15(6), 519–528. 
https://doi.org/10.1002/dev.42015 0604
Latvala, A., Kuja-Halkola, R., Rück, C., D’Onofrio, B. M., Jernberg, T., 
Almqvist, C., … Lichtenstein, P. (2016). Association of resting heart 
rate and blood pressure in late adolescence with subsequent mental 
disorders: A longitudinal population study of more than 1 million 
men in Sweden. JAMA Psychiatry, 73(12), 1268–1275. https://doi.
org/10.1001/jamap sychi atry.2016.2717
Licht, D. J., Shera, D. M., Clancy, R. R., Wernovsky, G., Montenegro, L. 
M., Nicolson, S. C., … Vossough, A. (2009). Brain maturation is de-
layed in infants with complex congenital heart defects. The Journal 
of Thoracic and Cardiovascular Surgery, 137(3), 529–537. https://
doi.org/10.1016/j.jtcvs.2008.10.025
Liu, J., Fang, J., Wang, Z., Rong, P., Hong, Y., Fan, Y., … Kong, J. 
(2016). Transcutaneous vagus nerve stimulation modulates amyg-
dala functional connectivity in patients with depression. Journal 
of Affective Disorders, 205, 319–326. https://doi.org/10.1016/j.
jad.2016.08.003
Mather, M., & Thayer, J. F. (2018). How heart rate variability affects 
emotion regulation brain networks. Current Opinion in Behavioral 
Sciences, 19, 98–104. https://doi.org/10.1016/j.cobeha.2017. 
12.017
McDougall, S., Vargas Riad, W., Silva-Gotay, A., Tavares, E. R., 
Harpalani, D., Li, G.-L., & Richardson, H. N. (2018). Myelination 
of axons corresponds with faster transmission speed in the pre-
frontal cortex of developing male rats. Eneuro, 5(4), https://doi.
org/10.1523/ENEURO.0203-18.2018
McLaughlin, K. A., Rith-Najarian, L., Dirks, M. A., & Sheridan, M. A. 
(2015). Low vagal tone magnifies the association between psycho-
social stress exposure and internalizing psychopathology in adoles-
cents. Journal of Clinical Child and Adolescent Psychology, 44(2), 
314–328. https://doi.org/10.1080/15374 416.2013.843464
McVey Neufeld, K.-A., Bienenstock, J., Bharwani, A., Champagne-
Jorgensen, K., Mao, Y. K., West, C., … Forsythe, P. (2019). Oral 
selective serotonin reuptake inhibitors activate vagus nerve depen-
dent gut-brain signalling. Scientific Reports, 9(1), 1–11. https://doi.
org/10.1038/s41598-019-50807-8
Merikangas, K. R., He, J.-P., Burstein, M., Swanson, S. A., Avenevoli, S., 
Cui, L., … Swendsen, J. (2010). Lifetime prevalence of mental dis-
orders in U.S. adolescents: Results from the National Comorbidity 
Survey Replication-Adolescent Supplement (NCS-A). Journal of 
the American Academy of Child and Adolescent Psychiatry, 49(10), 
980–989. https://doi.org/10.1016/j.jaac.2010.05.017
Merikangas, K. R., Nakamura, E. F., & Kessler, R. C. (2009). 
Epidemiology of mental disorders in children and adolescents. 
Dialogues in Clinical Neuroscience, 11(1), 7–20.
Meyer, H. C., & Lee, F. S. (2019). Translating developmental neurosci-
ence to understand risk for psychiatric disorders. American Journal 
of Psychiatry, 176(3), 179–185. https://doi.org/10.1176/appi.
ajp.2019.19010091
Michels, N., Sioen, I., Clays, E., De Buyzere, M., Ahrens, W., 
Huybrechts, I., … De Henauw, S. (2013). Children's heart rate 
variability as stress indicator: Association with reported stress 
   | 17 of 18KOENIG
and cortisol. Biological Psychology, 94(2), 433–440. https://doi.
org/10.1016/j.biops ycho.2013.08.005
Miller, A. H., & Raison, C. L. (2016). The role of inflammation in de-
pression: From evolutionary imperative to modern treatment target. 
Nature Reviews Immunology, 16(1), 22–34. https://doi.org/10.1038/
nri.2015.5
Mulkey, S. B., & du Plessis, A. J. (2019). Autonomic nervous sys-
tem development and its' impact on neuropsychiatric outcome. 
Pediatric Research, 85(2), 120–126. https://doi.org/10.1038/
s41390-018-0155-0
Neckel, H., Quagliotto, E., Casali, K. R., Montano, N., Dal Lago, P., 
& Rasia-Filho, A. A. (2012). Glutamate and GABA in the me-
dial amygdala induce selective central sympathetic/parasympa-
thetic cardiovascular responses. Canadian Journal of Physiology 
and Pharmacology, 90(5), 525–536. https://doi.org/10.1139/
y2012-024
Nolte, I. M., Munoz, M. L., Tragante, V., Amare, A. T., Jansen, R., 
Vaez, A., … de Geus, E. J. C. (2017). Genetic loci associated with 
heart rate variability and their effects on cardiac disease risk. Nature 
Communications, 8, https://doi.org/10.1038/ncomm s15805
O'Brien, I. A., O'Hare, P., & Corrall, R. J. (1986). Heart rate variabil-
ity in healthy subjects: Effect of age and the derivation of normal 
ranges for tests of autonomic function. British Heart Journal, 55(4), 
348–354.
Perlman, S. B., Almeida, J. R. C., Kronhaus, D. M., Versace, A., 
Labarbara, E. J., Klein, C. R., & Phillips, M. L. (2012). Amygdala 
activity and prefrontal cortex-amygdala effective connectivity to 
emerging emotional faces distinguish remitted and depressed mood 
states in bipolar disorder. Bipolar Disorders, 14(2), 162–174. https://
doi.org/10.1111/j.1399-5618.2012.00999.x
Peschel, S. K. V., Feeling, N. R., Vögele, C., Kaess, M., Thayer, J. F., & 
Koenig, J. (2016a). A meta-analysis on resting state high-frequency 
heart rate variability in bulimia nervosa. European Eating Disorders 
Review: The Journal of the Eating Disorders Association, 24(5), 
355–365. https://doi.org/10.1002/erv.2454
Peschel, S. K. V., Feeling, N. R., Vögele, C., Kaess, M., Thayer, J. F., 
& Koenig, J. (2016b). A systematic review on heart rate variability 
in Bulimia Nervosa. Neuroscience and Biobehavioral Reviews, 63, 
78–97. https://doi.org/10.1016/j.neubi orev.2016.01.012
Peverill, M., Sheridan, M. A., Busso, D. S., & McLaughlin, K. A. 
(2019). Atypical prefrontal-amygdala circuitry following childhood 
exposure to abuse: Links with adolescent psychopathology. Child 
Maltreatment, 24(4), 411–423. https://doi.org/10.1177/10775 59519 
852676
Polanczyk, G. V., Salum, G. A., Sugaya, L. S., Caye, A., & Rohde, L. A. 
(2015). Annual research review: A meta-analysis of the worldwide 
prevalence of mental disorders in children and adolescents. Journal 
of Child Psychology and Psychiatry, and Allied Disciplines, 56(3), 
345–365. https://doi.org/10.1111/jcpp.12381
Porges, S. W. (1995). Orienting in a defensive world: Mammalian 
modifications of our evolutionary heritage. A Polyvagal Theory. 
Psychophysiology, 32(4), 301–318.
Porges, S. W., Doussard-Roosevelt, J. A., & Maiti, A. K. (1994). Vagal 
tone and the physiological regulation of emotion. Monographs of 
the Society for Research in Child Development, 59(2–3), 167–186.
Ramasubbu, R., Konduru, N., Cortese, F., Bray, S., Gaxiola-Valdez, I., 
& Goodyear, B. (2014). Reduced intrinsic connectivity of amygdala 
in adults with major depressive disorder. Frontiers in Psychiatry, 5, 
https://doi.org/10.3389/fpsyt.2014.00017
Rice, F. (2010). Genetics of childhood and adolescent depression: 
Insights into etiological heterogeneity and challenges for future ge-
nomic research. Genome Medicine, 2(9), 68. https://doi.org/10.1186/
gm189
Roberts, A. G., & Lopez-Duran, N. L. (2019). Developmental influ-
ences on stress response systems: Implications for psychopathology 
vulnerability in adolescence. Comprehensive Psychiatry, 88, 9–21. 
https://doi.org/10.1016/j.compp sych.2018.10.008
Rodman, A. M., Jenness, J. L., Weissman, D. G., Pine, D. S., & 
McLaughlin, K. A. (2019). Neurobiological markers of resilience 
to depression following childhood maltreatment: The role of neu-
ral circuits supporting the cognitive control of emotion. Biological 
Psychiatry, 86(6), 464–473. https://doi.org/10.1016/j.biops 
ych.2019.04.033
Ruiz Vargas, E., Sörös, P., Shoemaker, J. K., & Hachinski, V. (2016). 
Human cerebral circuitry related to cardiac control: A neuroimag-
ing meta-analysis. Annals of Neurology, 79(5), 709–716. https://doi.
org/10.1002/ana.24642
Sakaki, M., Yoo, H. J., Nga, L., Lee, T.-H., Thayer, J. F., & Mather, 
M. (2016). Heart rate variability is associated with amygdala 
functional connectivity with MPFC across younger and older 
adults. NeuroImage, 139, 44–52. https://doi.org/10.1016/j.neuro 
image.2016.05.076
Schmaal, L., Hibar, D. P., Sämann, P. G., Hall, G. B., Baune, B. T., 
Jahanshad, N., … Veltman, D. J. (2017). Cortical abnormalities in 
adults and adolescents with major depression based on brain scans 
from 20 cohorts worldwide in the ENIGMA Major Depressive 
Disorder Working Group. Molecular Psychiatry, 22(6), 900–909. 
https://doi.org/10.1038/mp.2016.60
Schroeder, E. B., Duanping, L., Chambless, L. E., Prineas, R. J., Evans, 
G. W., & Gerardo, H. (2003). Hypertension, blood pressure, and 
heart rate variability. Hypertension, 42(6), 1106–1111. https://doi.
org/10.1161/01.HYP.00001 00444.71069.73
Seryapina, A. A., Shevelev, O. B., Moshkin, M. P., Markel, A. L., & 
Akulov, A. E. (2017). Stress-sensitive arterial hypertension, hae-
modynamic changes and brain metabolites in hypertensive ISIAH 
rats: MRI investigation. Experimental Physiology, 102(5), 523–532. 
https://doi.org/10.1113/EP086064
Shader, T. M., Gatzke-Kopp, L. M., Crowell, S. E., Jamila Reid, M., 
Thayer, J. F., Vasey, M. W., … Beauchaine, T. P. (2018). Quantifying 
respiratory sinus arrhythmia: Effects of misspecifying breathing fre-
quencies across development. Development and Psychopathology, 
30(1), 351–366. https://doi.org/10.1017/S0954 57941 7000669
Silveri, M. M., Sneider, J. T., Crowley, D. J., Covell, M. J., Acharya, 
D., Rosso, I. M., & Jensen, J. E. (2013). Frontal lobe GABA lev-
els during adolescence: Associations with impulsivity and response 
inhibition. Biological Psychiatry, 74(4), 296–304. https://doi.
org/10.1016/j.biops ych.2013.01.033
Silvers, J. A., Insel, C., Powers, A., Franz, P., Helion, C., Martin, R. 
E., … Ochsner, K. N. (2017). VlPFC-vmPFC-amygdala interactions 
underlie age-related differences in cognitive regulation of emotion. 
Cerebral Cortex (New York, N.Y.: 1991), 27(7), 3502–3514. https://
doi.org/10.1093/cerco r/bhw073
Silvetti, M. S., Drago, F., & Ragonese, P. (2001). Heart rate variability 
in healthy children and adolescents is partially related to age and 
gender. International Journal of Cardiology, 81(2–3), 169–174.
Squeglia, L. M., Jacobus, J., Sorg, S. F., Jernigan, T. L., & Tapert, S. 
F. (2013). Early adolescent cortical thinning is related to better 
neuropsychological performance. Journal of the International 
18 of 18 |   KOENIG
Neuropsychological Society, 19(9), 962–970. https://doi.
org/10.1017/S1355 61771 3000878
Steinfurth, E. C. K., Wendt, J., Geisler, F., Hamm, A. O., Thayer, J. 
F., & Koenig, J. (2018). Resting state vagally-mediated heart rate 
variability is associated with neural activity during explicit emotion 
regulation. Frontiers in Neuroscience, 12, https://doi.org/10.3389/
fnins.2018.00794
Stifter, C. A., & Jain, A. (1996). Psychophysiological correlates of 
infant temperament: Stability of behavior and autonomic pat-
terning from 5 to 18 months. Developmental Psychobiology, 
29(4), 379–391. https://doi.org/10.1002/(SICI)1098-2302(19960 
5)29:4<379:AID-DEV5>3.0.CO;2-N
Sullivan, P. F., Neale, M. C., & Kendler, K. S. (2000). Genetic epi-
demiology of major depression: Review and meta-analysis. The 
American Journal of Psychiatry, 157(10), 1552–1562. https://doi.
org/10.1176/appi.ajp.157.10.1552
Tamnes, C. K., Herting, M. M., Goddings, A.-L., Meuwese, R., 
Blakemore, S.-J., Dahl, R. E., … Mills, K. L. (2017). Development 
of the cerebral cortex across adolescence: A multisample study of 
inter-related longitudinal changes in cortical volume, surface area, 
and thickness. The Journal of Neuroscience, 37(12), 3402–3412. 
https://doi.org/10.1523/JNEUR OSCI.3302-16.2017
Tanaka, H., Borres, M., Thulesius, O., Tamai, H., Ericson, M. O., 
& Lindblad, L.-E. (2000). Blood pressure and cardiovascu-
lar autonomic function in healthy children and adolescents. The 
Journal of Pediatrics, 137(1), 63–67. https://doi.org/10.1067/
mpd.2000.108098
Teicher, M. H., & Samson, J. A. (2016). Annual research review: 
Enduring neurobiological effects of childhood abuse and neglect. 
Journal of Child Psychology and Psychiatry, and Allied Disciplines, 
57(3), 241–266. https://doi.org/10.1111/jcpp.12507
Thayer, J. F., Åhs, F., Fredrikson, M., Sollers, J. J. III, & Wager, T. D. 
(2012). A meta-analysis of heart rate variability and neuroimaging 
studies: Implications for heart rate variability as a marker of stress 
and health. Neuroscience and Biobehavioral Reviews, 36(2), 747–
756. https://doi.org/10.1016/j.neubi orev.2011.11.009
Thayer, J. F., & Friedman, B. H. (2002). Stop that! Inhibition, sen-
sitization, and their neurovisceral concomitants. Scandinavian 
Journal of Psychology, 43(2), 123–130. https://doi.
org/10.1111/1467-9450.00277
Thayer, J. F., & Lane, R. D. (2000). A model of neurovisceral integra-
tion in emotion regulation and dysregulation. Journal of Affective 
Disorders, 61(3), 201–216.
Thayer, J. F., & Lane, R. D. (2009). Claude Bernard and the heart-brain 
connection: Further elaboration of a model of neurovisceral inte-
gration. Neuroscience and Biobehavioral Reviews, 33(2), 81–88. 
https://doi.org/10.1016/j.neubi orev.2008.08.004
Thayer, J. F., & Siegle, G. J. (2002). Neurovisceral integration in car-
diac and emotional regulation. IEEE Engineering in Medicine and 
Biology Magazine: The Quarterly Magazine of the Engineering in 
Medicine & Biology Society, 21(4), 24–29. https://doi.org/10.1109/
memb.2002.1032635
Thompson, R. A. (1991). Emotional regulation and emotional develop-
ment. Educational Psychology Review, 3(4), 269–307. https://doi.
org/10.1007/BF013 19934
Vasilev, C. A., Crowell, S. E., Beauchaine, T. P., Mead, H. K., & Gatzke-
Kopp, L. M. (2009). Correspondence between physiological and 
self-report measures of emotion dysregulation: a longitudinal in-
vestigation of youth with and without psychopathology. Journal of 
Child Psychology and Psychiatry, 50(11), 1357–1364. https://doi.
org/10.1111/j.1469-7610.2009.02172.x
Vaccarino, V., Lampert, R., Bremner, J. D., Lee, F., Su, S., Maisano, C., 
… Goldberg, J. (2008). Depressive symptoms and heart rate vari-
ability: Evidence for a shared genetic substrate in a study of twins. 
Psychosomatic Medicine, 70(6), 628–636. https://doi.org/10.1097/
PSY.0b013 e3181 7bcc9e
Vigo, D., Thornicroft, G., & Atun, R. (2016). Estimating the true global 
burden of mental illness. The Lancet Psychiatry, 3(2), 171–178. 
https://doi.org/10.1016/S2215-0366(15)00505-2
Vijayakumar, N., Whittle, S., Yücel, M., Dennison, M., Simmons, J., 
& Allen, N. B. (2014). Thinning of the lateral prefrontal cortex 
during adolescence predicts emotion regulation in females. Social 
Cognitive and Affective Neuroscience, 9(11), 1845–1854. https://
doi.org/10.1093/scan/nst183
Wernovsky, G., Shillingford, A. J., & Gaynor, J. W. (2005). Central ner-
vous system outcomes in children with complex congenital heart 
disease. Current Opinion in Cardiology, 20(2), 94–99. https://doi.
org/10.1097/01.hco.00001 53451.68212.68
Williams, D. P., Cash, C., Rankin, C., Bernardi, A., Koenig, J., & 
Thayer, J. F. (2015). Resting heart rate variability predicts self-re-
ported difficulties in emotion regulation: A focus on different facets 
of emotion regulation. Frontiers in Psychology, 6, 261. https://doi.
org/10.3389/fpsyg.2015.00261
Williams, D. P., Koenig, J., Carnevali, L., Sgoifo, A., Jarczok, M. N., 
Sternberg, E. M., & Thayer, J. F. (2019). Heart rate variability and 
inflammation: A meta-analysis of human studies. Brain, Behavior, 
and Immunity., https://doi.org/10.1016/j.bbi.2019.03.009
Xia, L., & Yao, S. (2015). The involvement of genes in adolescent depres-
sion: A systematic review. Frontiers in Behavioral Neuroscience, 9, 
https://doi.org/10.3389/fnbeh.2015.00329
Yoo, H. J., Thayer, J. F., Greening, S., Lee, T.-H., Ponzio, A., Min, J., 
… Koenig, J. (2018). Brain structural concomitants of resting state 
heart rate variability in the young and old: Evidence from two inde-
pendent samples. Brain Structure and Function, 223(2), 727–737. 
https://doi.org/10.1007/s00429-017-1519-7
Zeman, J., Cassano, M., Perry-Parrish, C., & Stegall, S. (2006). 
Emotion regulation in children and adolescents. Journal of 
Developmental and Behavioral Pediatrics, 27(2), 155–168. https://
doi.org/10.1097/00004 703-20060 4000-00014
Zhang, J. (2007). Effect of age and sex on heart rate variability in healthy 
subjects. Journal of Manipulative and Physiological Therapeutics, 
30(5), 374–379. https://doi.org/10.1016/j.jmpt.2007.04.001
Zhang, W., Fagan, S. E., & Gao, Y. (2017). Respiratory sinus arrhythmia 
activity predicts internalizing and externalizing behaviors in non-re-
ferred boys. Frontiers in Psychology, 8, https://doi.org/10.3389/
fpsyg.2017.01496
How to cite this article: Koenig J. Neurovisceral 
regulatory circuits of affective resilience in youth. 
Psychophysiology. 2020;57:e13568. https://doi.
org/10.1111/psyp.13568
